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Abstract
Storage of cryogenic liquids is key to the success of long duration space missions
like a manned mission to Mars. Current cryogenic storage tanks are constructed from
metals with high thermal conductivities. This study presents the novel methods used to
construct a prototype cryogenic storage tank made from RTV-655 embedded with
polyimide aerogel. The low temperature performance of the prototype RTV-655 + aerogel
tank is analyzed when partially filled with liquid nitrogen and pressurized. The data
collected from the RTV-655 + aerogel tank is compared to a tank of the same size made of
RTV-655 to gauge the effectiveness of the aerogel layer. Stress tolerance at low
temperature, pressurization rate, and liquid boil off time are parameters used to gauge the
tank performance. Tank construction methods along with testing parameters, procedures,
and a comparison of performance results between the RTV-655 + aerogel tank and RTV655 tank are presented in this paper.
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Introduction
Background and Literature Review
As humans endeavor to explore further into outer space, they must first overcome some
technical challenges. One of these challenges is the ability to store cryogenic liquids for
long periods of time in a reliable container. The ability to store cryogenic liquids for a long
period of time is vital to space exploration because cryogenic liquids are used in life support
systems as well as in propulsion systems [1]. Current cryogenic storage tanks have several
limitations that come along with their use. Terrestrial cryogenic storage tanks are made
from metals with a high mechanical strength like stainless steel or aluminum. These metals
also have a high thermal conductivity. Having a high thermal conductivity material for a
cryogenic storage tank is not desired because the metal allows heat to flow into the
cryogenic liquid causing the system to self-pressurize quickly. Self-pressurization is when
the cryogenic liquid being stored in the tank absorbs heat and starts to boil-off. Since the
system is closed, the vapor generated from boil-off has no place to go, so the pressure in
the system starts to rise. Therefore, cryogenic liquid tanks must be vented or cooled
periodically. In addition to repeated pressurization and venting cycles, cryogenic storage
tanks experience thermal cycling due to the wide range of temperatures in space, and this
thermal cycling can cause micro cracks in metal storage tanks [2]. Once a tank forms micro
cracks, the integrity of the tank is compromised and the tank has to be repaired or replaced.
A cryogenic storage tank that needs to be replaced or repaired during a space mission is
costly as well as time consuming if it is even possible, and if not could cause the mission
to be aborted. Building a cryogenic storage tank to resist micro cracking would allow for
longer space missions and possibly reduce the cost by saving on the number of tanks
1

needed. Another disadvantage to having a metal storage tank is the larger mass of the tanks.
The mass of the tank directly affects the amount of fuel and rocket thrust required to deliver
the tank into orbit. Depending on the thickness required, a material with a lower density
may reduce the cost to deliver the tank into orbit.
Cryogenic liquid storage tanks undergo self-pressurization. In order to keep the tank
from failing under high pressure, some of the vapor is vented off. The rate of selfpressurization has many contributing factors that include the tank geometry and the type
of tank insulation. Hasan, Lin, and Van Dresar [1] preformed self-pressurization tests on
an oblate spheroidal liquid hydrogen storage tank under normal gravity. Using heat leaks
of 2 and 3.5 W/m2 and fill levels of 29, 49, and 83 percent they were able to measure the
pressure rise rate of the tank. They found there are many key factors that affect the pressure
rise rate: liquid height, wetted wall area, liquid-vapor interfacial area, and mode of wall
heating. For the oblate spheroidal tank they tested it was found that a fill level of 49 percent
produced the lowest pressure rise rates
Current cryogenic storage tanks also use active and passive systems to reduce selfpressurization [3]. Active systems include jets, cryocoolers, and thermodynamic vent
systems. Jets stir the cryogenic fluid to reduce thermal stratification, while cryocoolers and
thermodynamic vent systems use some of the cryogenic fluid to remove heat from the tank
after which the fluid is then vented. Passive systems include adding insulation or vacuum
layers to storage tanks to reduce the heat flow into the cryogenic storage tank. One type of
passive system, a multilayer insulation (MLI) system, uses multiple layers of insulating
material layered or wrapped around the cryogenic storage tank [4]. Multilayer insulation

2

systems are usually added to existing cryogenic storage tanks, which can increase the
weight and overall dimensions of the cryogenic management system.
New materials are constantly being tested for space application. One such category
of materials is aerogels. Aerogels are low density materials that have relatively low thermal
conductivities [5]. Cryogenic storage tanks partially created from aerogels may be ideal as
a consequence of these lower conductivity aerogel materials. There are still challenges to
using aerogels in cryogenic storage tanks. One of the challenges of using the early silicabased aerogels, commonly referred to as native aerogels, is their low tensile strength [6].
Cross-linked aerogels do have greater tensile strength than the native aerogels due to the
cross-linking which adds strength to the aerogel structure [7]. There are new methods in
creating aerogels to increase the tensile strength. Guo, et al. [8] were able to synthesize
polyimide aerogels cross-linked using an aminophenyl decorated polysilsesquioxane. The
aerogels that were created had a low density and a porosity around 91 percent with a low
thermal conductivity similar to other polymer reinforced aerogels. They also showed that
thin films of the aerogel are flexible and could be used in space applications such as
insulation for inflatable structures.
In order to address many of the limitations of current cryogenic storage tanks, a
small scale prototype cryogenic storage tank has been proposed which will be constructed
from RTV-655 with polyimide aerogel embedded in the wall of the tank.

3

Previous Work
RTV-655 was chosen because it is a space qualified room temperature vulcanizing
silicone rubber [9]. Since RTV-655 is a rubber it has a lower thermal conductivity than
metals. RTV-655 also has a wide range of operating temperatures and the ability to be
molded into any geometry. These properties make it an ideal candidate for the prototype
cryogenic storage tank [10]. Figure 1 shows a sample piece of RTV-655. The RTV-655
was purchased from Momentive Performance Materials Inc.©.
Polyimide aerogel will be embedded into the RTV-655 to eliminate the need for
metals as the primary construction material for cryogenic storage tanks. This polyimide
aerogel material is ideal for embedding in the cryogenic storage tank because it can be
made into thin flexible sheets, and it has a low thermal conductivity. Once embedded into
the RTV-655, the thin flexible aerogel sheets can conform to the shape of the tank. The
other advantage of the polyimide aerogel is its
low thermal conductivity of 0.0198 (W/m•K) at
77 K [6]. Figure 2 shows a sample of the
polyimide aerogel sheet and its ability to flex.
Liquid hydrogen and liquid oxygen are
the cryogenic liquids of choice to use as a
propellant for space missions because of the high
specific impulse. For this research liquid
nitrogen was used for several reasons. Liquid
nitrogen is less reactive than liquid hydrogen or
liquid oxygen which makes handling it much
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Figure 1: RTV-655 sample
Photo by David Pumroy

safer. The cost of liquid nitrogen is
also much lower than liquid hydrogen
or oxygen. The boiling point for
liquid

nitrogen

is

-195⁰C

at

atmospheric pressure and the boiling
points for liquid hydrogen and
oxygen are -252.7⁰C and -183⁰C at
atmospheric pressure [11]. Liquid
nitrogen’s boiling temperature falls

Figure 2: Polyimide Aerogel Sample
Strip
Photo by David Pumroy

between that of liquid hydrogen and
oxygen.

Objective
The objective of this research is to determine the feasibility of using a polymer
embedded aerogel as the main construction material for a cryogenic liquid storage tank for
space applications. Two prototype cryogenic storage tanks will be constructed and
experimentally evaluated. The tanks will use RTV-655 as the main construction material
instead of metal. The material properties of the tanks will be examined at low temperature,
and when the tanks are pressurized. The first tank constructed using only RTV-655 is the
control group. The second tank will be constructed using RTV-655 with polyimide aerogel
embedded in the tank walls. The RTV-655 + aerogel tank will be compared to the RTV655 tank to evaluate the performance of the embedded aerogel layer.
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Material Testing
Batches of RTV-655 were purchased from the supplier. A variation in color
between the batches of RTV-655 were noticed after synthesis. Material testing needed to
be performed on the RTV-655 to judge the quality of the material because of varying
material properties between batches. Such variations can result in the creation of a tank
that does not have the necessary mechanical strength to hold up under pressure at cryogenic
conditions. The two main tests performed were tensile tests and visual inspection. RTV655 is supposed to be a clear polymer. It was observed that batches of RTV-655 supplied
by the manufacturer that had mechanical properties outside the accepted standard range of
values would have a green and yellow hue. There are two ways in which RTV-655 can
have properties outside the acceptable range. One is incorrect manufacturing of the RTV655 by the supplier. The second being incorrect preparation of the RTV-655 by the
individual consumer. The instructions, for the preparation of the RTV-655, were followed
exactly. It was assumed the RTV-655 batches that had properties outside the expectable
range were caused on the manufacturing end. Using visual inspection, samples of RTV655 from new batches were compared to samples of old RTV-655 that were known to have
mechanical properties within a standardized range of values.
The acceptable values for the RTV-655 were found in the article “Effect of Aerogel
Particle Concentration on Mechanical Behavior of Impregnated RTV 655 Compound
Material for Aerospace Applications” [12]. Samples of RTV-655 were cut into dog-bone
samples using an ASTM D1708 standard punch, as seen in Figure 3. The dog-bone samples
had dimensions of: length 16.00 mm, width 4.74 mm, and thickness 2.62 mm. The RTV655 test samples were loaded into a MARK-10 ESM301 test stand with a MARK-10
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BG200 digital force gauge connected to a computer
running Windows XP. The test samples were pulled
in the axial direction until the test sample broke in
the gauge section of the test sample. Three samples
were tested using this setup for each batch of RTV655. The tensile test recorded force applied in
Newtons and the travel of the test stand in
millimeters.

Using

the

force

and

travel

Figure 3: Dog-bone Sample of RTV-655

measurements obtained during the tensile test, and the dimensions of the test sample, the
stress and strain could be calculated using equations (1) and (2). Equations (1) and (2) do
not account for the variation in cross sectional area during the tensile test, so equations
calculate the engineering stress and strain, not the true stress and strain [13].
σt = Ft/(ts × ws)

(1)

εt = X/ls

(2)

where Ft is the tensile force applied to the sample, ts is the sample thickness, ws is the sample
width, σt is tensile stress, X is the travel distance of the test stand, ls is the sample length,

and εt is the tensile strain. Figure 4 shows a stress/strain graph for the linear portion of a
tensile test for a sample of RTV-655. The slope of this graph is the Young’s Modulus for
the test sample of RTV-655. For this sample, the Young’s Modulus is 1100000 (N/m2)
which is equivalent to 1.10 MPa. Table 1 shows an average Young’s Modulus comparison
between four batches of RTV-655. The batches that fall within the acceptable range of
values have a Young’s Modulus close to 1 MPa and the batches having a Young’s Modulus
closer to 0.6 MPa do not fall within the acceptable range of values [12]. The polyimide
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aerogel is a much stiffer material than the RTV-655. This is because the polyimide aerogel
has a higher Young’s modulus. Figure 5 shows the stress strain relationship for polyimide
aerogel, with a Young’s modulus about 65MPa. The data, used in Figure 5, was collected
by C. J. Hatch.
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Figure 4: Stress strain relationship for a sample of RTV-655 in tension
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Figure 5: Stress strain relationship for a sample of polyimide aerogel

Table 1: RTV-655 batch comparison for the average Young’s Modulus

Baseline RTV-655 Batch RTV-655 Batch 1 RTV-655 Batch 2 RTV-655 Batch 3
1.02 MPa
0.667 MPa
0.644 MPa
0.977 MPa
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RTV-655 Tank Construction
Tank Geometry
The prototype RTV-655 cryogenic storage tank is a cylindrical pressure vessel with
two hemispherical ends. The tank height is 1ft, with the cylindrical section being 4in in
height and 8in in diameter. The hemispherical ends have a radius of 4in. The tank has a
wall thickness of 3/4in. The ratio of the wall thickness to the inside radius for the tanks is
0.23. The tanks can be considered thick-walled since this ratio is greater than 0.1 [14].
Figure 6 shows a computer model of the proto type tank.

Figure 6: Prototype tank computer model
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Tank Halves
A three part mold was used to construct the prototype RTV-655 tank. It was an
aluminum mold with two lids and one base. The two lids allow for different wall
thicknesses. Lid number 1 creates a wall thickness of 3/8in, and lid number 2 creates a wall
thickness of 3/4in. Figure 7 and Figure 8 show pictures of the actual mold lid and mold
base. Figure 9 is a computer drawing that shows a cross section view of the two different
lids, and how they fit with the base of the mold.

Figure 8: Aluminum base for tank mold

Figure 7: Aluminum lid number 1 for tank mold

Figure 9: Cross section view of lid and mold setup
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The first step in making the RTV-655 tank is to synthesize 850 grams of RTV-655.
RTV-655 is a two part compound composed of a polymer and a binder. These are mixed
together in a 10 to 1 ratio by weight. Once the two parts are mixed together the RTV-655
will begin to cure. After the 850 grams of RTV-655 are mixed together it must be outgassed
using a vacuum chamber. During the mixing process air bubbles get trapped in the RTV655. If these air bubbles are left in place they would be stress concentrations and reduce
the mechanical strength of the RTV-655. The RTV-655 is poured into the base of the mold,
and the mold is placed in a vacuum chamber to outgas. Once the RTV-655 has been
outgassed the lid number 1 is selected and covered with aluminum foil to act as a mold
release once the RTV-655 is cured. The cavity between the base of the mold and the first
lid creates a tank wall thickness of 3/8in. Lid number 1, with an aluminum foil covering,
is placed on top of the base with the RTV-655. The entire mold is then placed in an oven
at 100⁰C to accelerate the curing process. The mold is left in the oven overnight and then
is taken out to cool down.
After the mold has cooled down enough so that it can be safely handled, lid number
1 is slowly removed in order to avoid tearing the freshly cured RTV-655. The RTV-655 is
now in the shape of half of a tank. This half of the tank will suction to the base of the mold
once the lid is off because there is no air between the RTV-655 and the mold. The RTV655 has to be gently removed from the base by carefully allowing air to get in between the
RTV-655 and the base. This half of the tank has a wall thickness of 3/8in. The prototype
tank was designed to have a tank wall thickness of 3/4in. In order to get the desired wall
thickness, 750 grams of RTV-655 is synthesized and outgassed. This RTV-655 is poured
into the half of the tank. The tank is then placed back into the base of the mold and lid
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number 2 is placed over the newly poured RTV-655. Lid number 2 has a smaller dome to
increase the tank wall thickness from 3/8in to 3/4in. The entire mold is once again placed
into the oven at 100⁰C and allowed to cure overnight. No aluminum foil is needed during
this phase because the RTV-655 that is touching the base of the mold is already cured and
will not adhere to the mold. Figure 10 shows what half of the tank looks like once it has
been removed from the mold for the second time.

Figure 10: One half of the RTV-655 tank
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Stems and Fittings
The next step in the construction of the RTV-655 prototype tank is to add the stems
and fittings. The fitting will allow the tank to connect to two piping systems, one for liquid
nitrogen supply and the other to allow nitrogen vapor to be vented. Several parts are used
to create the pipe fitting: two union fittings, two 3/8in brass stems, two brass coupling nuts,
and four Teflon washers.
To add the pipe fittings, a hole slightly larger than 3/8in is punched through the
entire tank wall in both hemispherical sections to one half of the tank. One 3/8in brass stem
is inserted through both holes. Two Teflon washers are added to the inside of both stems.
A brass coupling nut is threaded on to the two brass stems on the side that is in the tank.
The brass coupling nuts are threaded down until they touched the Teflon washers. The
holes punched through the tank are bigger than the 3/8in brass stems, so there are gaps
between the brass stems and the RTV-655 tank. These gaps are filled with uncured RTV655. After the gaps are filled with uncured RTV-655, the final two washers are placed on
the stems from the outside of the tank. The threads of
the brass stem on the outside of the tank are wrapped
in Teflon tape. Two custom machined union fittings
are then threaded on the brass stem and tightened
down. Figure 11 shows a picture of the stem and fitting
set up on half of the tank. Once the union fittings are
tightened down, they are rotated to face the side of the
tank. It was possible to rotate the union fittings at this
step because the RTV-655 in the gap between the stem
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Figure 11: Tank fitting setup

and the tank had not cured yet. After the RTV-655 in the stem gap has cured, more uncured
RTV-655 is poured into the gap from the inside of the tank and the Teflon washers are
added to ensure an effective seal.

Tank Seam
Once the stem and fittings are added, the two halves of the RTV-655 tank have to
be seamed together. Before the two halves of the tank can be joined, a 45⁰ angle cut is
made at the edge of each tank half. Figure 12 shows a computer model of a tank half before
and after the 45⁰ cut. When making the angled cut, about 3 mm of flat surface is left on the

Figure 12: Before and after 45⁰ angled cut

edge of the tank. The flat surfaces are used to align the two tank halves. A small amount
of RTV-655 is synthesized and is used to coat the flat edge on both tank halves. The two
halves are then fitted together and the RTV-655 is left to cure. The small amount of RTV655 that was placed on the edges of the tank halves keeps the two tank halves in the correct
position while the rest of the seaming process takes place. Once the two tank halves are in
the correct position, the two 45⁰ angled cuts create a V-channel along the entire seam of
the tank. To complete the seam, uncured RTV-655 is poured in the V-channel in small
amounts until the V-channel is completely filled and the seam is flush with the rest of the
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tank. The tank is then placed in an environmental chamber at 50⁰C to speed the curing
process. Once the seam is complete, the body of the RTV-655 storage tank is complete.

Thermocouples
Before the tank is tested, thermocouples are placed on the outside of the tank to
measure outside wall temperatures. The thermocouples used are type K precision fine wire
thermocouples purchased from Omega Engineering®. They are 0.005 gauge, 72in long,
and insulated with Teflon. These thermocouples are chosen because they have a
temperature range appropriate for this research, and they are low cost. A thermocouples is
placed at opposite ends of the tank at the end of the cylindrical portion. A total of two
thermocouples are placed on the outside of the tank. The thermocouples are tacked into
place using uncured RTV-655. When the RTV-655 has cured and the thermocouples are
firmly in place, the tank is complete.

RTV-655 Tank Testing
Measurement Devices
In order to collect data from the prototype tank, instruments were used to measure
temperature, pressure, and strain. Temperature was measured using thermocouples
described in the previous section. Five thermocouples, this includes the two mentioned at
the end of tank construction, were placed at key locations: two on the outside wall of tank,
two on the inside of the tank, and one to measure ambient temperature. The five
thermocouples are plugged into an 8-channel USB thermocouple data acquisition module,
TC-08, made by Omega Engineering, to record the measurements. The pressure is
measured by a thin film cryogenic pressure transducer made by Omega Engineering®. The
pressure transducer is connected to a DP-41 meter by Omega Engineering® which sends
15

data to Dell computer running Windows 7 using RS-232 communications. LabView was
used to record the pressure data on the computer. Three extensometers purchased from
Epsilson Technologies Corp. were used to measure the three dimensional strain. Each
extensometer corresponded to a strain component: axial strain, circumferential strain, and
diametral strain. These extensometers were connected to the computer and the
measurements were recorded using software provided by Epsilon Technologies Corp.

Test Frame/Piping System
An aluminum frame was used to hold the tank in place and to reduce the amount of
stress on the tank fittings, during testing. The test frame was 15 x 18 x 24 inches, and is
shown in Figure 11. The tank sits in two circular rings attached to the frame. The portion
of the frame that touches the RTV-655 tank was insulated using rubber foam to limit the
heat transfer from the aluminum frame to the tank. Two piping systems were attached to
the test frame, one for liquid nitrogen supply and one to vent nitrogen vapor. The supply
piping is at the bottom of the test frame and was made from stainless steel flex hose. The
flex hose is an insulated cryogenic transfer line, which remains flexible under cryogenic
temperatures. The flex hose was purchased from Technofab, Inc. The vent piping is at the
top of the test frame and is made from the same type of flex hose. The flex hose attaches
to the union fittings on the RTV-655 tank. The flex hose used for venting, at the top of the
test frame is also connected to piping which houses the pressure transducer and a pressure
relief valve. Two thermocouples are also incorporated into the piping so that the
thermocouples could be inserted inside the RTV-655 via the union fitting. A cryogenic
globe valves is attached to both the supply and vent piping. Model BK9453 globe valves
were purchased from Gas Equipment Company, Inc. The valves are designed to operate at
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cryogenic temperatures, and are used to control the supply and venting of nitrogen to the
prototype tanks.

Testing Procedures
To set the test up, the RTV-655 tank is placed in the testing frame and the piping is
connected to the union fittings on the tank. Three LED lights are placed throughout the test
chamber to increase visibility. The testing frame is then placed into an insulated vent hood.
The three extensometers are attached to the RTV-655 tank and connected to the computer.
The pressure transducer and the five thermocouples are connected to the computer. The
liquid nitrogen supply is connected to the supply globe valve at the bottom of the test frame
with a cryogenic transfer line. The liquid nitrogen supply is stored in a tank at 22 psig, and
is purchased from NexAir®. Figure 13 shows the test setup just before a test was run.

Figure 13: Testing Setup for the RTV-655 Tank
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A single test consists of four stages: a cool down stage, a pressurization stage, a
constant liquid stage, and a boil-off stage. For each stage the pressure, temperatures, and
strains, are measured and recorded on the computer. The total test time along with the
individual stage times are also recorded.
The first stage is the cool down stage. To begin the cool down stage the three
extensometers are zeroed and all measurement devices are set to record. The globe valve
that controls the supply of liquid nitrogen is opened slightly to allow cool nitrogen vapor
to flush though the system. The main purpose of the cool down stage is to bring the
temperature of the prototype tank down to operating conditions. The cooling down of the
tank extends the pressurization time because there is less heat that can be transferred to the
liquid nitrogen causing the liquid nitrogen to boil. It is anticipated that having a long
pressurization time during the experiment will facilitate a better comparison of the selfpressurization rates when comparing the RTV-655 + aerogel tank to the RTV-655 tank.
The cool nitrogen vapor is gradually flushed through the system to ensure the tank cooled
down slowly. The cool down stage is the longest of the four (4) stages. The long cool down
time is intended to avoid thermal shock of the tank materials and components. Thermal
shock is the rapid expansion or contraction of a material caused by a large temperature
gradient across the material. More importantly, the embedded components are not
chemically bonded to the polymer. Thus a sudden expansion or contraction of the polymer
relative to the fitting can create a gap in the seam between the polymer and the component
which would cause the nitrogen to leak from the tank while under pressure. For the RTV655 tank, the cool down stage lasts about 1.5 to 2 hours. Once the temperature of the outside
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of the tank reaches -20⁰C, the supply valve is opened more and the tank is filled to 1/4 full
by volume with liquid nitrogen. This signifies the end of the cool down stage.
The second stage was the pressurization stage. Once the tank is 1/4 full of liquid
nitrogen, the extensometers are tightened because during the cool down stage the RTV655 contracted. If the extensometers are not tightened they can slip off the tank surface
during the remainder of the test. After the extensometers are tightened, they were zeroed.
This resets the displacement back to zero. The supply and vent valves are closed. This
creates a closed system and self-pressurization begins. The internal tank pressure rises until
the pressure relief valve opens. The time the tank takes to open the pressure relief valve is
called the pressurization time. It is expected that an increase in heat flux will reduce the
pressurization time. A PRV9432F model 17 psig brass pressure relief valve purchased from
Gas Equipment Co., INC. is used for testing the RTV-655 tank. The pressurization stage
is complete once the pressure relief valve opens.
The constant liquid stage came after the pressurization stage. After the pressure
relief valve is opened and the pressure in the tank is stabilized, the vent valve to the tank is
opened and the pressure in the system is returned to ambient pressure. The supply valve is
then opened back up and the tank is filled back up to 1/4 full, because some of the liquid
nitrogen has boiled-off during the pressurization stage. When the tank is back to 1/4 full,
the constant liquid stage begins. For this stage, the liquid nitrogen level is held constant at
1/4 full by controlling the supply of liquid nitrogen using the supply valve. The constant
liquid stage lasts for 20min.
The fourth and final stage was boil-off. After the twenty minutes of the constant
liquid stage, the supply valve is shut off and this signifies the start of the boil-off stage.
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The liquid nitrogen that was in the tank at 1/4 full is allowed to boil-off and the time
recorded. Once all of the liquid nitrogen in the tank is completely boiled off, the boil-off
stage is over and the entire test completed.

Equations
The extensometer and pressure data collected from the tests is evaluated and
assessed by computing the stress and strain of the tanks. This pressure vessel is treated as
a thick walled pressure vessel because its wall thickness is greater than one tenth of the
total radius [14]. With pressure and the three dimensional strain measurements, Lame’s
Theory relates the strain components to the stress components for a thick-walled pressure
vessel with the assumption that the stresses remain in the same plane during testing [14].
Lame’s Theory breaks the total stress and strain down into three components: radial,
longitudinal, and circumferential. According to Lame’s Theory, the following equations
show the three strain components.
1

𝜖𝐶 = 𝐸 (𝜎𝐶 − 𝜇(𝜎𝐿 + 𝜎𝑅 ))
1

𝜖𝐿 = 𝐸 (𝜎𝐿 − 𝜇(𝜎𝐶 + 𝜎𝑅 ))
1

𝜖𝑅 = 𝐸 (𝜎𝑅 − 𝜇(𝜎𝐿 + 𝜎𝐶 ))

(3)
(4)
(5)

The subscripts R, L, and C correspond to the radial or diametral, longitudinal or
axial, and circumferential components. E is the Young’s modulus, ε is the strain, σ is the
stress, and μ is Poisson’s Ratio.
Using Lame’s Theory, equations (6), (7), and (8) show the distribution of stress for
a general case of a thick-walled pressure vessel subjected to internal and external pressure.
These equations are derived from the stress element in more detail in Appendix D.
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𝜎𝑅 =

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

−

𝑅12 𝑅22 (𝑃𝑖 −𝑃𝑜 )
𝑅2 (𝑅22 −𝑅12 )

(6)

𝜎𝑐 =

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

+

𝑅12 𝑅22 (𝑃𝑖 −𝑃𝑜 )
𝑅2 (𝑅22 −𝑅12 )

(7)

𝜎𝐿 =

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

(8)

The strains measured by the extensometers are the outside surface strains of the
tank. Since the measured strains are on the outside surface, the stresses are also calculated
for the outside surface. When calculating the outside surface stress, equations (6), (7), and
(8) reduce to the following.
𝜎𝑅 =
𝜎𝑐 =

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

+

−

𝑅12 (𝑃𝑖 −𝑃𝑜)
(𝑅22 −𝑅12 )

𝑅12 (𝑃𝑖 −𝑃𝑜)
(𝑅22 −𝑅12 )

𝜎𝐿 =

=

= −𝑃𝑜

2𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜 −𝑅12 𝑃𝑜
𝑅22 −𝑅12

𝑅12 𝑃𝑖 −𝑅22 𝑃𝑜
𝑅22 −𝑅12

(9)
(10)
(11)

where the subscripts R, L, and C correspond to the radial or diametral, longitudinal or
axial, and circumferential components, and σ is the stress, R1 is the inside radius of the
tank, R2 is the outside radius of the tank, Pi is the internal pressure of the tank, and Po is the
external pressure on the tank.
The tank can be represented by a cylinder with two hemispherical ends. To
calculate the volume of the tank, the volume of a cylinder is added to the volume of a
sphere, shown in equation (12).
4

𝑉𝑇 = 𝑉𝐶 + 𝑉𝑆 = 𝜋𝑅02 𝐿𝑐 + 3 𝜋𝑅03

(12)

where VT is the volume of the prototype tank, VC is the volume of the cylindrical portion
of the tank, VS is the volume of the hemispherical ends, and Lc is the length of the
cylindrical portion of the tank. The strain measurements are used to calculate the new
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dimensions of the tank at the end of the cool down and pressurization stages. The new tank
dimensions can be substituted into equation (12) to calculate the new volume of the tank.
Equation (13), also known as Fourier’s Law, uses the temperature data, the thermal
conductivities of the tank materials, and the tank wall-thickness to calculate the heat
transfer rate into the tank [15].
𝑞=−

𝑘𝛥𝑇
𝑡

(13)

q is the heat flux, k is the thermal conductivity, ΔT is the temperature difference between the inside
and outside of the tank, and t is the tank wall thickness.

RTV-655 Tank Results
Four tests were run on the RTV-655 tank. The RTV-655 tank results were used as
a performance baseline for comparing the RTV-655 + aerogel tank. The results of the
testing are broken down into the four stages of the tests. Some of the sources of variances
in the experiment data between runs came from the different starting temperatures and the
inability to use a mass flow meter, which would have allowed precise control of the
nitrogen supply throughout the tests. This made it difficult to get a consistent precool time
between tests. Other sources of variance include the difficulty in controlling the humidity
in the testing chamber; the ability to get a consistent liquid fill level at the start of the boiloff stage between tests due to lack of visibility, friction within the extensometer cables
limited the smooth displacement of the devices, and limitations on the accuracy of the
measuring devices.
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Stage 1: Cool Down
During the first stage, the tank slowly cools down and experiences a decrease in
size due to thermal contraction. Figure 14 shows the temperature during the cool down

Figure 14: Temperature as a function of time for Cool down stage

stage. The raw data used for Figure 14 can be found in Appendix A. The different length
of cool down between the four tests was due to different mass flow rates of the nitrogen,
because the lack of a mass flow meter on the nitrogen supply. Figure 15 show the average
and standard deviation of the three strain components as a function of temperature for the
RTV-655 tank. The raw temperature and strain data used for Figure 14 can be found in
Appendix A and Appendix B. The negative strains shown in Figure 15 indicate the tank
contracted as expected during the cool down stage. Using the extensometer data, the total
strain was calculated. The strain data was then used to calculate the change in volume of
the tank during the cool down stage. The volume of the RTV-655 tank decreased by 21%
by volume. The large variation in strain at low temperatures is due to the fact that as the
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tank decreased in volume, and the tank had room to move within the stand. The movement
of the tank was picked up by the extensometers during the testing.

Figure 15: Average Three-Dimensional strain as a function of Temperature with standard
deviation for the RTV-655 tank
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Stage 2: Pressurization
The pressurization stage was initiated by filling the prototype tanks to 1/4 volume.
The pressurization time was about 2 minutes for the RTV-655 tank. The maximum pressure
experienced was limited by the choice made for the pressure relief valve. For the
experiments conducted, a 17 psig pressure relief valve was used. During preliminary test
of an older RTV-655 tank, a relief valve with a higher pressure setting was used, and the
higher pressure caused ruptures in the tank seam. In order to prevent ruptures from
occurring during future tests the lowest pressure relief valve available was used, which was
17 psig. Figure 16 shows the average and standard deviation of the pressure as a function
of time for four tests. The raw pressure data used for Figure 16 can be found in Appendix
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Figure 16: Average pressurization time with standard deviation for the RTV-655 tank

Figure 17 shows the average and standard deviation of the stress-strain behavior for
the RTV-655 tank during the pressurization stage. The strain data was collected
experimentally and the stresses were calculated using the pressure that was recorded during
the experimental tests. The raw data for Figure 17 can be found in Appendix B and
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Appendix C. The diametral strain becomes negative as pressurization occurs, and is
opposite of what the circumferential and axial strain do. One theory as to why the diametral
strain was negative is as the tank pressurized the seam, being the weakest point on the tank,
expanded more causing the tank to take an oval shape. As the tank seam expanded out the
two sides perpendicular to the seam contracted to create the oval shape. Since the diametral
extensometer was place perpendicular to the seam, the extensometer measured the tank
contracting. The overall tank circumference did get larger, as evidenced by the
circumferential extensometer, but due to its position on the tank, the diametral
extensometer recorded a contraction. Another theory as to the negative diametral strain is
the way the tank was held in place during testing. During testing the tank sits on a ring
stand. As the tank cools down, during the cool down stage, it also contracts. As the tank
contracts, the tank sinks further down into the ring stand. Then when the tank is pressurized,
the tank expands and pushes on the ring stand. This causes the tank to deform in an
unexpected way.
The tanks experience the highest stress in this stage due to the fact that this stage
has the highest pressure. The diametral stress, at the outside tank wall, is equal to the
external pressure on the tanks according to Lame’s theory. Since the external pressure did
not vary during the pressurization stage the diametral stress is constant at the wall surface.
The RTV-655 tank expanded 2% during pressurization. The expansion is caused by the
increase in pressure inside the tanks during this stage.
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Figure 17: Stress-strain behavior during pressurization with standard deviation for the RTV-655 tank
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Stage 3: Constant Liquid
During the constant liquid stage, the liquid nitrogen level in the tank is held constant
for 20 minutes. With the temperature measurements on the inside and outside of the tanks
along with the RTV-655 thickness, the heat transfer into the tanks can be calculated using
the thermal conduction equation. Figure 18 shows the average and standard deviation of
the heat transfer into the RTV-655 tank into the liquid and into the vapor. The raw
temperature data used in Figure 18 can be found in Appendix A. The thermal conductivity
of the tank materials used to calculate the rate of heat transfer can be found in Appendix E.
The slope of the graph in Figure 18 is negative. This is because the tank is still dropping in
temperature during this stage, and the thermal conductivity for RTV-655 decreases with
temperature. The rate of heat transfer is higher in the vapor section of the tank because the
nitrogen vapor is warmer than the liquid nitrogen. Since the thermal conductivity of RTV655 increases with an increase in temperature, the rate of heat transfer also increases.

Figure 18: Heat transfer into the RTV-655 with standard deviation during constant liquid stage
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Stage 4: Boil-off
The tank is 1/4 full with liquid nitrogen when the nitrogen supply is shut off and
the boil-off stage begins. Since liquid nitrogen is no longer being supplied, the liquid
nitrogen that is still in the tank boils-off due to heat transfer from the environment. During
this stage, the time it takes for the liquid nitrogen to completely boil off is recorded. The
heat transfer into the tanks was calculated for this stage the same way as it was for the
constant liquid stage. Figure 19 show the average and standard deviation of the heat transfer
during the boil-off stage for the RTV-655 tank at the liquid level. The raw temperature data
used in Figure 19 can be found in Appendix A. The thermal conductivity of the tank
materials used to calculate the rate of heat transfer can be found in Appendix E. The
average boil-off time for the RTV-655 only tank was 31 minutes.

Figure 19: Average heat transfer into the RTV-655 tank with standard deviation during boil-off stage

29

RTV-655 + aerogel Tank Construction
Tank Geometry
The prototype RTV-655 + aerogel cryogenic storage tank is a cylindrical pressure
vessel with two hemispherical ends. The tank height is 1ft, with the cylindrical section
being 4in in length, and the hemispherical ends having a radius of 4in. The tank has a
wall thickness of 3/4in and an inside diameter of 6.5in. This is the same geometry as the
RTV-655 tank that was previously constructed.
Tank Halves and Aerogel Embedding
The same three part mold is used to construct the prototype RTV-655 tank/aerogel.
It is an aluminum mold with two lids and one base. The two lids allow for different wall
thicknesses, so that the aerogel can be embedded in the center of the wall.
The first step in making the RTV-655 + aerogel tank is to synthesize 850 grams of
RTV-655. After the 850 grams of RTV-655 is mixed together it is outgassed. To outgas,
the 850 grams of RTV-655 is poured into the base of the mold, and the mold is placed in a
vacuum chamber to remove all the air bubbles. Once the RTV-655 has been out gassed, lid
number one is selected and covered with aluminum foil to act as a mold release once the
RTV-655 is cured. Lid number one created a wall thickness of three eighths of an inch
(3/8). The lid is wrapped with an aluminum foil covering and is placed on top of the base
with the RTV-655. The entire mold is then placed in an oven at 100⁰C to accelerate the
curing process. The mold is left in the oven overnight and then taken out to cool down.
After the mold has cooled such that it can be safely handled, the lid number one is
slowly removed in order to avoid tearing the freshly cured RTV-655. The RTV-655 is now
in the shape of half of a tank. This half of the tank will stick to the base of the mold once
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the lid is off because there is no air between the RTV-655 and the mold simulating the
action of a suction cup. The RTV-655 has to be pried away from the base carefully by
allowing air to get between the RTV-655 and the base. This half of the tank has a wall
thickness of three eighths of an inch (3/8).
Before lid number two is used to
build up the wall thickness, the aerogel
has to be embedded. The aerogel is first
cut into strips to fit the tank shape. Figure
20 shows the two types of aerogel strips
used for embedding. The rectangular
strips are used for the cylindrical portion
of the tank and are 0.60 mm X 25 mm X
92 mm. The strips with a triangular
appearance

are

embedded

in

the

hemispherical ends of the tank and are
0.60 mm X 25 mm X 132 mm. Before the
aerogel could be embedded, the position
of the strips had to be marked. Using
Figure 20: Aerogel strips used for embedding

painters tape and string, the middle of the
cylindrical portion of the tank was marked. Matching the middle of the rectangular strips
to the middle of the tank gives the longitudinal location for the rectangular strips. The
rectangular strips are placed 1/8 of an inch from each other in the horizontal direction. The
triangular strips are placed 1/8 of an inch from above and below the rectangular strips.
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Figure 21 shows the embedding pattern. The two circular sections without aerogel strips
are spaces for the stems to go later in the construction process. To start the embedding
process, 10 grams of uncured RTV-655 is synthesized.
The first aerogel strip is placed on the tank shell and
held in place with metal rods. The newly synthesized
RTV-655 is used to tack the aerogel strip into place. A
heat gun set at 450⁰F is set up to blow hot air on the
RTV-655 to accelerate the curing process. Once the
aerogel strip is tacked into place, the next strip is placed
1/8 of an inch away and tacked using the RTV-655.
The RTV-655 is synthesized in 10 gram batches so as

Figure 21: Aerogel embedding pattern

not to have it cure before it can be used to embed the
aerogel. Figure 22 shows the embedding
setup with the heat gun and the metal
rods.
After the tank shell is covered in
aerogel strips, a 1 mm thick layer of RTV655 is coated over the aerogel strips so a
second layer of aerogel strips can be
added. This second layer of aerogel strips
is offset from the first layer of aerogel so
that the gaps between the aerogel strips in
the first layer are covered up. Figure 23

Figure 22: Aerogel embedding setup
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shows how the second layer of aerogel overlaps the first layer. Once the second layer of
aerogel is tacked into place, the wall thickness needs to be built up to three quarters (3/4)
inch. In order to get the desired wall thickness, 650 grams of RTV-655 is synthesized and
outgassed. This RTV-655 is poured into the half of the tank. The tank is then placed back
into the base of the mold, and lid number
2 is put in place. Lid number 2 has a
smaller dome to increase the tank wall
thickness to three quarter (3/4) inch. The
entire mold is once again place in the
oven at 100⁰C and allowed to cure
overnight. No aluminum foil is needed
this time because the RTV-655 that is
Figure 23: Second aerogel embedded layer

touching the base of the mold is already
cured and will not adhere
to the mold. These steps
were repeated one more
time to create the second
half of the tank. Figure 24
shows the completed half
of the RTV-655 + aerogel
tank once the second lid
has been removed and the

Figure 24: Half of the aerogel tank after embedding

RTV-655 has cured.
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Stems, Fittings, and Float
The next step in the construction of the RTV-655 + aerogel prototype tank is to add
the stems and fittings. The fittings will allow the tank to connect to two piping systems,
one for liquid nitrogen supply and the other to allow nitrogen vapor to be vented. The same
parts used to create the RTV-655 tank were used on this RTV-655 + aerogel tank: two
union fittings, two three eighth (3/8) inch brass stems, two brass coupling nuts, and four
Teflon washers.
To add the pipe fittings, two holes slightly larger than three eighth (3/8) inch are
punched through the entire tank wall in both hemispherical sections. One three eighth (3/8)
inch brass stem is inserted through both holes. Two Teflon washers are added to the inside
of both stems. A brass coupling nut is threaded onto the two brass stems on the inside
surface of the tank. The brass coupling nuts were threaded down until they touched the
Teflon washers. The holes that were punched through the tank are bigger than the three
eighth (3/8) inch brass stems, so there are gaps between the brass stems and the RTV-655
tank. These gaps are filled with uncured RTV-655. After the gaps are filled with uncured
RTV-655, the final two washers are placed on the stems on the outside surface of the tank.
The threads of the brass stem on the outside of the tank are wrapped in Teflon tape. Once
the union fittings are tightened down, they are rotated to face the side of the tank. It is
possible to rotate the union fittings at this step because the RTV-655 in the gap between
the stem and the tank has not cured yet. After the RTV-655 in the stem gap has cured, more
uncured RTV-655 is poured in the tank to encapsulate the inside Teflon washers to make
sure the seal is tight.
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Because the embedded aerogel is not translucent the only way to see the liquid
nitrogen liquid level during testing is at the seam location. The seam is only about three
quarter (3/4) inch wide and does not provide a lot of area to see the liquid nitrogen liquid
level, so two floats are added to the tank. The floats sit on top of the liquid nitrogen making
it easier to see the nitrogen level throughout the tests. The floats are made of 1.4 inch
diameter Styrofoam balls coated with black spray paint. The floats were first tested using
a cup made from RTV-655 filled with liquid nitrogen. Figure 25 shows the floats being
tested in the RTV-655 cup. The two floats are placed in the tank before the two halves are
joined together.

Figure 25: Styrofoam float test
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Tank Seam
Once the stem, fittings, and floats are added, the two halves of the RTV-655 tank
have to be seamed together. Before the two halves of the tank can be joined, a 45⁰ angle
cut is made at the edge of each tank halve. When making the angled cut about 3 mm of flat
surface is left on the edge of the tank. The flat surfaces are used to align the two tank halves.
A small amount of RTV-655 is synthesized and is used
to coat the flat edge on both tank halves. The two halves
are then fitted together and the RTV-655 is left to cure.
This small amount of RTV-655 that was placed on the
edges of the tank halves keeps the two tank haves in the
correct position while the rest of the seaming process
takes place. Once the two tank halves are in the correct
position, the two 45⁰ angled cuts create a V-channel
along the entire seam of the tank. Figure 26 shows the

Figure 26: V-channel along the seam of
the RTV-655 + aerogel tank

V-channel when the two halves of the tank are put
together. To complete the seam, uncured RTV-655 is
poured in the V-channel in small amounts until the Vchannel is completely filled and the seam is flush with
the rest of the tank. To speed the curing process of the
RTV-655 when filling the V-channel, the tank is placed
in an environmental chamber at 50⁰C. Figure 27 shows
the tank in the environmental chamber when the V-
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Figure 27: Tank in the environmental
chamber

channel is being filled. Once the seam is complete the body of the RTV-655 storage tank
is complete.

Thermocouples
Thermocouples are placed on the outside of the tank to measure outside wall
temperatures. These thermocouples are the same type of thermocouples used on the RTV655 tank. Two of these thermocouples are placed at opposite ends of the tank at the end of
the cylindrical portion. When the RTV-655 has cured and the thermocouples are firmly in
place the RTV-655 + aerogel Tank is complete.
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RTV-655 + aerogel Tank Testing
The measurement devices used for the RTV-655 + aerogel tank testing are the same
as the measurement devices used for the RTV-655 tank testing: an axial extensometer, a
diametral extensometer, a circumferential extensometer, a thin film cryogenic pressure
transducer, and five type K thermocouples. The test setup for the RTV-655 + aerogel tank
is the same set up used for the RTV-655 tank. Figure 28 show the test setup for the RTV655 + aerogel tank.

Figure 28: RTV-655 + aerogel tank test setup
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Testing Procedures
To setup the test, the RTV-655 + aerogel tank is placed in the testing frame. The
supply and vent piping are connected to the union fittings on the tank. The testing frame is
then placed into an insulated chamber. The three extensometers are attached to the RTV655 tank and connected to the computer. The pressure transducer and the five
thermocouples are connected to the computer. The liquid nitrogen supply is connected to
the supply globe valve at the bottom of the test frame with a cryogenic transfer line. The
liquid nitrogen supply is stored in a large tank at 22 psig, and is purchased from NexAir®.
A single Sylvania LED light with a brightness of 1250 lumens is used to increase visibility
during testing. The LED light is placed on a metal stand behind the RTV-655 + aerogel
tank directly lined up with the seam of the tank.
The same four test stages preformed during the testing of the RTV-655 tank are
used to test the RTV-655 + aerogel tank. A single test consisted of four stages: cool down
stage, pressurization stage, constant liquid stage, and boil-off stage.
The first stage is the cool down stage. Cool nitrogen vapor is gradually flushed
through the system to ensure the tank cooled down slowly. For the RTV-655 + aerogel tank
the cool down stage lasted around 2.5 to 3 hours. Once the temperature of the outside of
the tank reaches -20⁰C, the supply valve is opened more and the tank is filled to (1/4) full
by volume with liquid nitrogen. This signified the end of the cool down stage.
The procedures for the pressurization stage are the same as the procedures for the
RTV-655 pressurization stage. The extensometers are adjusted and zeroed. The supply and
vent valves are closed. The pressurization of the tank increases until the 17 psig pressure
relief valve opens. The pressure is held constant and then the vent valve is opened.
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The constant liquid stage came after the pressurization stage. The procedures for
this stage are the same as for the cool down stage when testing the RTV-655 tank. The tank
is filled to a quarter (1/4) full and this liquid level is held for 20 minutes. Condensation
builds up on the outside of the tank and can make it difficult to see the liquid level in the
tank. The LED light and the floats are used during this stage to maintain visual contact with
the liquid level.
The fourth and final stage was boil-off. The remaining liquid nitrogen is allowed to
boil off in the same manner as when testing the RTV-655 tank. The time required to boil
off the liquid nitrogen and the temperature are recorded.

RTV-655 + aerogel Tank Results
Stage 1: Cool Down
The cool down stage for the RTV-655 + aerogel tank ranged from 2.5 to 3 hours to
insure the tank did not get damaged while it thermally contracted. Figure 29 shows the cool
down times for the four tests. The graph in figure 29 shows the difficulty of getting a
consistent cooling rate between tests without the use of a mass flow meter for controlling
the nitrogen supply. Comparing the strain data to the temperature data shows how the tank
changes size as it cools down. Figure 30 shows the average and standard deviation of the
three strain components as a function of temperature for the RTV-655 + aerogel tank. The
negative strains shows the tank did contract during the cool down stage. The strain data
collected was used to calculate the change in volume of the tank. The volume of the RTV655 + aerogel tank shrunk by 17% during the cool down stage.
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Figure 29: Temperature as a function of time for the RTV-655 + aerogel tank during stage 1

Figure 30: Average Three-Dimensional Strain as a function of temperature with standard deviation for the
RTV-655 + aerogel tank
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Stage 2: Pressurization
The pressurization time was just under two minutes for the RTV-655 + aerogel
tank. A 17 psig pressure relief valve was used for all four tests. Figure 31 shows the
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Figure 31: Average pressurization time with standard deviation for the RTV-655 + aerogel tank

Figure 32 shows the average and standard deviation of the stress-strain behavior for
the RTV-655 + aerogel tank during the pressurization stage. The strain data was collected
experimentally and the stresses were calculated using the pressure recorded during the
experimental tests. The tanks experience the highest stress in this stage due to the fact that
this stage has the highest pressure. The RTV-655 + aerogel tank expanded by a little over
2% during pressurization. The expansion is caused by the pressure pushing out on the tank
from the inside during this stage.
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Figure 32: Stress-strain behavior during pressurization with standard deviation for the RTV-655 tank
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Stage 3: Constant Liquid
The objective of the constant liquid stage is to maintain the liquid level in the tank
for 20 minutes. This is achieved by matching the supply of liquid nitrogen to the amount
of nitrogen vapor that is vented off. Since the tank is only filled one quarter (1/4) full by
volume, the two thermocouples at the bottom on the inside and outside of the tank stay
below the liquid level during the entire 20 minutes. Similarly, the two top thermocouples
inside and outside of the tank stay above the liquid level in the vapor section of the tank
for the 20 minutes. Using the temperature data collected, the heat transfer can be calculated
into the portion of the tank below the liquid level and the portion in the vapor section of
the tank. Figure 33 shows the average and standard deviation of the heat transfer into the
tank at both sections during the constant liquid stage.

Figure 33: Heat transfer into the RTV-655 + aerogel with standard deviation during constant liquid stage

44

Stage 4: Boil-off
At the end of the constant liquid stage, the RTV-655 + aerogel tank is filled a
quarter full (1/4) and the supply valve is closed. The liquid nitrogen continues to boil-off
until all the liquid nitrogen is gone. Once the liquid nitrogen is gone the boil-off stage is
complete. The time it takes for all of the liquid nitrogen to completely boil-off is recorded.
The temperature readings are also recorded during this stage to show the liquid nitrogen
has completely boiled off and to calculate the heat transfer into the tank during this stage.
Figure 34 show a graph of the average and standard deviation of the heat transfer into the
tank over the average boil-off time. This boil-off time is directly related to the amount of

Figure 34: Average heat transfer into the RTV-655 + aerogel with standard deviation during boil-off stage

heat that is transferred into the tank. The RTV-655 + aerogel tank had an average boil-off
time of 52.62 minutes. The graph in Figure 34 shows heat transfer decreasing slightly up
to the 17 minute mark and then the heat transfer starts to rise. This is due to the fact that
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there is still liquid nitrogen in the tank and the temperature of the outside wall is still falling.
The temperature difference between the outside tank walls and the liquid nitrogen on the
inside decreases because the outside wall temperature is still falling. According to Fourier’s
Law, the heat transfer is proportional to the temperature difference, so as the temperature
difference decreases so does the heat transfer into the tank. Around the 17 minute mark,
the heat transfer starts to rise. This can be explained by the fact that there is less liquid
nitrogen in the tank. With less liquid nitrogen in the tank there is less wall in contact with
the liquid nitrogen. This causes the wall to start to warm up even though there is still liquid
nitrogen in the tank. As the wall starts to warm up, the temperature difference between the
wall and the liquid nitrogen increases, and therefore the heat transfer into the tank increases.
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Comparison of Tank Performance
The RTV-655 prototype was constructed and tested as a baseline for comparing to
the RTV-655 + aerogel tank. A comparison of the experimental data for the RTV-655 and
RTV-655 + aerogel tanks is presented to determine whether the embedded aerogel
significantly affects the mechanical and thermal behavior of the tank. It was hypothesized
that an aerogel layer would provide better insulation for a cryogenic storage tank as it has
a lower thermal conductivity.

Stage 1: Cool Down
During the cool down stage, both tanks contract in size due to the decrease in
temperature. The amount of contraction is related to the different materials used to
construct the tanks. The fittings and stems were made of brass with Teflon washers for
both tanks, so the only different material between the two tanks is the embedded aerogel.
Figure 35 shows a comparison of the three strain components (average and standard
deviation) as a function of temperature for the RTV-655 tank and the RTV-655 + aerogel
tank. The RTV-655 tank experienced a greater negative strain than the RTV-655 + aerogel
tank, indicating that it contracted more than the RTV-655 + aerogel tank. This was
expected because the embedded aerogel has a larger modulus of elasticity than the RTV655 at 77K [5]. The change in volume for both tanks was calculated for the cool down
stage. The volume of the RTV-655 tank shrunk 7% more than the volume of the RTV-655
+ aerogel tank.
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Part A: RTV-655 tank

Part B: RTV-655 + aerogel tank

Figure 35: Three dimensional strain as a function of temperature
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Stage 2: Pressurization
The pressurization time was approximately 2 minutes for both the RTV-655 and
the RTV-655 + aerogel tanks. The maximum pressure both tanks experienced was 17 psig.
The pressurization time for both tanks is very similar because there is still a significant
amount of heat being transferred into the liquid nitrogen during both experiments, even
with the long cool down stage. If the heat transfer rate from the surrounding environment
is further reduced for the experimental setup in future experiments or if the tank pressure
is allowed to rise above 17 psig, then it is expected the RTV-655 + aerogel tank would
experience a relatively longer pressurization time because of the added insulation of the
embedded aerogel.
Figure 36 shows a comparison of the average and standard deviation of the stressstrain behavior between the RTV-655 tank and the RTV-655 + aerogel tank during the
pressurization stage. Both the RTV-655 and RTV-655 + aerogel tanks expanded around
2% during pressurization, with the RTV-655 + aerogel tank expanding slightly more than
2%. The expansion is caused by the increase in pressure inside the tanks during this stage.
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Figure 36: Mean and standard deviation of Stress-Strain behavior for the pressurization stage.
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Stage 3: Constant Liquid
During the constant liquid stage, the liquid nitrogen level in the tank is held constant
for 20 minutes. Figure 37 shows the average and standard deviation of the rate of heat
transfer into both tanks at the vapor level. Figure 38 shows the average and standard

Figure 37: Heat transfer into both prototype tanks at vapor level

Figure 38: Heat transfer into both prototype tanks at liquid level
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deviation of the heat transfer into both tanks at the liquid level. The RTV-655 + aerogel
tank had a heat transfer rate on average of 86.4 W/m2 (13%) lower at the vapor level and
69.1 W/m2 (12%) lower at the liquid level than the RTV-655 + aerogel tank. This showed
that the added layer of embedded aerogel did provided better insulation than RTV-655
alone.

Stage 4: Boil-off
The time required for the liquid nitrogen to boil off is compared. The heat transfer
into the tanks was calculated for this stage the same way as it was for the constant liquid
stage. Figure 39 shows the average with deviation heat transfer into both tanks at the liquid
level during the boil-off stage. The average boil-off time for the RTV-655 tank was 31
minutes, but the RTV-655 + aerogel tank had an average boil-off time of 52 minutes. This
shows that the RTV-655 + aerogel tank had an increase in storage time of liquid nitrogen
about 68 percent. The boil-off time is directly related to the heat that is transferred into the
tanks, so the longer boil-off time for the RTV-655 + aerogel tank is expected because the
aerogel has a lower thermal conductivity than RTV-655.

Figure 39: Heat transfer into both tanks during boil-off
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Conclusion
The goal of this research was to gauge the performance of a cryogenic storage tank,
constructed from RTV-655 + aerogel, and compare to a control tank, constructed from only
RTV-655. The first tank was made from RTV-655 and the second tank used polyimide
aerogel as the embedded aerogel in the RTV-655. This research proved it was possible to
create a cryogenic storage tank using a polymer as the primary construction material, which
can operate under cryogenic conditions. The two areas of most concern, the fittings and the
seam of the tank, were able to maintain a good seal throughout the multiple experimental
tests performed on the two prototype tanks. The RTV-655 + aerogel tank was compared to
a tank of similar geometry made from RTV-655 to gauge whether the embedded aerogel
made a significant impact on the thermal and mechanical performance of the tank.
Throughout multiple experimental tests, the data showed the RTV/aerogel tank
outperformed the RTV-655 tank in several key areas. During the cool down stage, the
RTV-655 + aerogel tank saw less thermal contraction than the RTV-655 tank, due to the
aerogel being a stiffer material than the RTV-655 at cryogenic temperatures. The RTV655 + aerogel tank contracted 4% less than the RTV-655 tank. This shows the RTV-655 +
aerogel tank would be capable of maintaining a larger storage capacity. The pressurization
stage proved the RTV-655 and RTV-655 + aerogel tanks were able to maintain structural
integrity up to 17 psig. While under pressure, both tanks expanded around 2%, based off
the strain data collected. The heat transfer rate into the RTV-655 + aerogel tank was
reduced by about 13% at the vapor level and 12% at the liquid level compared to the RTV655 tank during the constant liquid stage. The reduction in the heat transfer to both the
liquid and vapor directly showed the added advantage of having the embedded aerogel.
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The heat transfer was lower for the RTV-655 + aerogel tank during the boil-off stage as
well, and this effected the time required to boil-off the liquid nitrogen. It took on average
21 minutes longer for the liquid nitrogen to boil-off in the RTV-655 + aerogel tank than
the RTV-655 tank.
Continued testing of the RTV-655 + aerogel prototype tank is planned. In addition,
simulations are currently being conducted for tanks of the same geometry and scale as the
polymer tanks tested in this study, but using metal and composite materials. The will allow
for a more precise performance comparison. Further, a study needs to be performed to
determine the optimum tank wall thickness to mass ratio for the polymer and aerogel
compound. The Kennedy Space Center and the Marshall Space Flight Center have the
capability to test the prototype tank under varying vacuum conditions as well as launch
conditions. If these tests produce results which continue to support the use of such materials
for cryogenic tanks, microgravity tests may be proposed using the Microgravity Glovebox
and/or the Fluids Integrated Rack on the International Space Station.
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Appendix A: Temperature Data
Stage 1: Cool Down

Figure 40: RTV-655 tank test 1 liquid thermocouple cool down

Figure 41: RTV-655 tank test 1 vapor thermocouple cool down
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Figure 42: RTV-655 tank test 1 top outside thermocouple cool down

Figure 43: RTV-655 tank test 1 bottom outside thermocouple cool down
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Figure 44: RTV-655 tank test 1 ambient thermocouple cool down

Figure 45: RTV-655 tank test 2 liquid thermocouple cool down
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Figure 46: RTV-655 tank test 2 vapor thermocouple cool down

Figure 47: RTV-655 tank test 2 top outside thermocouple cool down
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Figure 48: RTV-655 tank test 2 bottom thermocouple cool down

Figure 49: RTV-655 tank test 2 ambient thermocouple cool down
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Figure 50: RTV-655 tank test 3 liquid thermocouple cool down

Figure 51: RTV-655 tank test 3 vapor thermocouple cool down
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Figure 52: RTV-655 tank test 3 top outside thermocouple cool down

Figure 53: RTV-655 tank test 3 bottom outside thermocouple cool down
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Figure 54: RTV-655 tank test 3 ambient thermocouple cool down

Figure 55: RTV-655 tank test 4 liquid thermocouple cool down
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Figure 56: RTV-655 tank test 4 vapor thermocouple cool down

Figure 57: RTV-655 tank test 4 top outside thermocouple cool down
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Figure 58: RTV-655 tank test 4 bottom outside thermocouple cool down

Figure 59: RTV-655 tank test ambient thermocouple cool down
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Figure 60: RTV-655 + aerogel tank test 1 liquid thermocouple cool down

Figure 61: RTV-655 + aerogel tank vapor thermocouple cool down
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Figure 62: RTV-655 + aerogel tank test 1 top outside thermocouple cool down

Figure 63: RTV-655 + aerogel tank test 1 bottom thermocouple cool down
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Figure 64: RTV-655 + aerogel tank test 1 ambient thermocouple cool down

Figure 65: RTV-655 + aerogel tank test 2 liquid thermocouple cool down
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Figure 66: RTV-655 + aerogel tank test 2 vapor thermocouple cool down

Figure 67: RTV-655 + aerogel tank test 2 top outside thermocouple cool down
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Figure 68: RTV-655 + aerogel tank test 2 bottom outside thermocouple cool down

Figure 69: RTV-655 + aerogel tank test 2 ambient thermocouple cool down

71

Figure 70: RTV-655 + aerogel tank test 3 liquid thermocouple cool down

Figure 71: RTV-655 + aerogel tank test 3 vapor thermocouple cool down
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Figure 72: RTV-655 + aerogel tank test 3 top outside thermocouple cool down

Figure 73: RTV-655 + aerogel tank test 3 bottom outside thermocouple cool down
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Figure 74: RTV-655 + aerogel tank test 3 ambient thermocouple cool down

Figure 75: RTV-655 + aerogel tank test 4 liquid thermocouple cool down

74

Figure 76: RTV-655 + aerogel tank test 4 vapor thermocouple cool down

Figure 77: RTV-655 + aerogel tank test 4 top outside thermocouple cool down
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Figure 78: RTV-655 + aerogel tank test 4 bottom outside thermocouple cool down

Figure 79: RTV-655 + aerogel tank test 4 ambient thermocouple cool down
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Stage 3: Constant Liquid

Figure 80: RTV-655 tank test 1 liquid thermocouple constant liquid

Figure 81: RTV-655 tank test 1 vapor thermocouple constant liquid
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Figure 82: RTV-655 tank test 1 top outside thermocouple constant liquid

Figure 83: RTV-655 tank test 1 bottom outside thermocouple constant liquid
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Figure 84: RTV-655 tank test 1 ambient thermocouple constant liquid

Figure 85: RTV-655 tank test 2 liquid thermocouple constant liquid
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Figure 86: RTV-655 tank test 2 vapor thermocouple constant liquid

Figure 87: RTV-655 tank test 2 top outside thermocouple constant liquid
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Figure 88: RTV-655 tank test 2 bottom outside thermocouple constant liquid

Figure 89: RTV-655 tank test 2 ambient thermocouple constant liquid
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Figure 90: RTV-655 tank test 3 liquid thermocouple constant liquid

Figure 91: RTV-655 tank test 3 vapor thermocouple constant liquid
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Figure 92: RTV-655 tank test 3 top outside thermocouple constant liquid

Figure 93: RTV-655 tank test 3 bottom outside thermocouple constant liquid
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Figure 94: RTV-655 tank test 3 ambient thermocouple constant liquid

Figure 95: RTV-655 tank test 4 liquid thermocouple constant liquid
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Figure 96: RTV-655 tank test 4 vapor thermocouple constant liquid

Figure 97: RTV-655 tank test 4 top outside thermocouple constant liquid
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Figure 98: RTV-655 tank test 4 bottom outside thermocouple constant liquid

Figure 99: RTV-655 tank test 4 ambient thermocouple constant liquid
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Figure 100: RTV-655 + aerogel tank test 1 liquid thermocouple constant liquid

Figure 101: RTV-655 + aerogel tank test 1 vapor thermocouple constant liquid
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Figure 102: RTV-655 + aerogel tank test 1 top outside thermocouple constant liquid

Figure 103: RTV-655 + aerogel tank test 1 bottom outside thermocouple constant liquid
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Figure 104: RTV-655 + aerogel tank test 1 ambient thermocouple constant liquid

Figure 105: RTV-655 + aerogel tank test 2 liquid thermocouple constant liquid
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Figure 106: RTV-655 + aerogel tank test 2 vapor thermocouple constant liquid

Figure 107: RTV-655 + aerogel tank test 2 top outside thermocouple constant liquid
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Figure 108: RTV-655 + aerogel tank test 2 bottom outside thermocouple constant liquid

Figure 109: RTV-655 + aerogel tank test 2 ambient thermocouple constant liquid

91

Figure 110: RTV-655 + aerogel tank test 3 liquid thermocouple constant liquid

Figure 111: RTV-655 + aerogel tank test 3 vapor thermocouple constant liquid
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Figure 112: RTV-655 + aerogel tank test 3 top outside thermocouple constant liquid

Figure 113: RTV-655 + aerogel tank test 3 bottom outside thermocouple constant liquid
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Figure 114: RTV-655 + aerogel tank test 3 ambient thermocouple constant liquid

Figure 115: RTV-655 + aerogel tank test 4 liquid thermocouple constant liquid
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Figure 116: RTV-655 + aerogel tank test 4 vapor thermocouple constant liquid

Figure 117: RTV-655 + aerogel tank test 4 top outside thermocouple constant liquid
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Figure 118: RTV-655 + aerogel tank test 4 bottom outside thermocouple constant liquid

Figure 119: RTV-655 + aerogel tank test 4 ambient thermocouple constant liquid
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Stage 4: Boil-off

Figure 120: RTV-655 tank test 1 liquid thermocouple boil-off

Figure 121: RTV-655 tank test 1 vapor thermocouple boil-off
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Figure 122: RTV-655 tank test 1 top outside thermocouple boil-off

Figure 123: RTV-655 tank test 1 bottom outside thermocouple boil-off
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Figure 124: RTV-655 tank test 1 ambient thermocouple boil-off

Figure 125: RTV-655 tank test 2 liquid thermocouple boil-off
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Figure 126: RTV-655 tank test 2 vapor thermocouple boil-off

Figure 127: RTV-655 tank test 2 top outside thermocouple boil-off
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Figure 128: RTV-655 tank test 2 bottom outside thermocouple boil-off

Figure 129: RTV-655 tank test 2 ambient thermocouple boil-off
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Figure 130: RTV-655 tank test 3 liquid thermocouple boil-off

Figure 131: RTV-655 tank test 3 vapor thermocouple boil-off
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Figure 132: RTV-655 tank test 3 top outside thermocouple boil-off

Figure 133: RTV-655 tank test 3 bottom outside thermocouple boil-off
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Figure 134: RTV-655 tank test 3 ambient thermocouple boil-off

Figure 135: RTV-655 tank test 4 liquid thermocouple boil-off

104

Figure 136: RTV-655 tank test 4 vapor thermocouple boil-off

Figure 137: RTV-655 tank test 4 top outside thermocouple boil-off
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Figure 138: RTV-655 tank test 4 bottom outside thermocouple boil-off

Figure 139: RTV-655 tank test 4 ambient thermocouple boil-off
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Figure 140: RTV-655 + aerogel tank test 1 liquid thermocouple boil-off

Figure 141: RTV-655 + aerogel tank test 1 vapor thermocouple boil-off
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Figure 142: RTV-655 + aerogel tank test 1 top outside thermocouple boil-off

Figure 143: RTV-655 + aerogel tank test 1 bottom outside thermocouple boil-off
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Figure 144: RTV-655 + aerogel tank test 1 ambient thermocouple boil-off

Figure 145: RTV-655 + aerogel tank test 2 liquid thermocouple boil-off
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Figure 146: RTV-655 + aerogel tank test 2 vapor thermocouple boil-off

Figure 147: RTV-655 + aerogel tank test 2 top outside thermocouple boil-off
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Figure 148: RTV-655 + aerogel tank test 2 bottom outside thermocouple boil-off

Figure 149: RTV-655 + aerogel tank test 2 ambient thermocouple boil-off
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Figure 150: RTV-655 + aerogel tank test 3 liquid thermocouple boil-off

Figure 151: RTV-655 + aerogel tank test 3 vapor thermocouple boil-off

112

Figure 152: RTV-655 + aerogel tank test 3 top outside thermocouple boil-off

Figure 153: RTV-655 + aerogel tank test 3 bottom outside thermocouple boil-off
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Figure 154: RTV-655 + aerogel tank test 3 ambient thermocouple boil-off

Figure 155: RTV-655 + aerogel tank test 4 liquid thermocouple boil-off
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Figure 156: RTV-655 + aerogel tank test 4 vapor thermocouple boil-off

Figure 157: RTV-655 + aerogel tank test 4 top outside thermocouple boil-off
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Figure 158: RTV-655 + aerogel tank test 4 bottom outside thermocouple boil-off

Figure 159: RTV-655 + aerogel tank test 4 ambient thermocouple boil-off
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Appendix B. Strain Data
Stage 1: Cool Down

Figure 160: RTV-655 tank test 1 axial cool down

Figure 161: RTV-655 tank test 1 circumferential cool down
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Figure 162: RTV-655 tank test 1 diametral cool down

Figure 163: RTV-655 tank test 2 axial cool down
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Figure 164: RTV-655 tank test 2 circumferential cool down

Figure 165: RTV-655 tank test 2 diametral cool down
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Figure 166: RTV-655 tank test 3 axial cool down

Figure 167: RTV-655 tank test 3 circumferential cool down
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Figure 168: RTV-655 tank test 3 diametral cool down

Figure 169: RTV-655 tank test 4 axial cool down
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Figure 170: RTV-655 tank test 4 circumferential cool down

Figure 171: RTV-655 tank test 4 diametral cool down
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Figure 172: RTV-655 + aerogel tank test 1 axial cool down

Figure 173: RTV-655 + aerogel tank test 1 circumferential cool down
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Figure 174: RTV-655 + aerogel tank test 1 diametral cool down

Figure 175: RTV-655 + aerogel tank test 2 axial cool down
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Figure 176: RTV-655 + aerogel tank test 2 circumferential cool down

Figure 177: RTV-655 + aerogel tank test 2 diametral cool down

125

Figure 178: RTV-655 + aerogel tank test 3 axial cool down

Figure 179: RTV-655 + aerogel tank test 3 circumferential cool down
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Figure 180: RTV-655 + aerogel tank test 3 diametral cool down

Figure 181: RTV-655 + aerogel tank test 4 axial cool down
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Figure 182: RTV-655 + aerogel tank test 4 circumferential cool down

Figure 183: RTV-655 + aerogel tank test 4 diametral cool down
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Stage 2: Pressurization

Figure 184: RTV-655 tank test 1 axial pressurization

Figure 185: RTV-655 tank test 1 circumferential pressurization
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Figure 186: RTV-655 tank test 1 diametral pressurization

Figure 187: RTV-655 tank test 2 axial pressurization
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Figure 188: RTV-655 tank test 2 circumferential pressurization

Figure 189: RTV-655 tank test 2 diametral pressurization
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Figure 190: RTV-655 tank test 3 circumferential pressurization

Figure 191: RTV-655 tank test 3 diametral pressurization
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Figure 192: RTV-655 tank test 4 axial pressurization

Figure 193: RTV-655 tank test 4 circumferential pressurization
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Figure 194: RTV-655 tank test 4 diametral pressurization

Figure 195: RTV-655 +aerogel tank test 1 axial pressurization
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Figure 196: RTV-655 +aerogel tank test 1 circumferential pressurization

Figure 197: RTV-655 +aerogel tank test 1 diametral pressurization
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Figure 198: RTV-655 +aerogel tank test 2 axial pressurization

Figure 199: RTV-655 +aerogel tank test 2 circumferential pressurization
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Figure 200: RTV-655 +aerogel tank test 2 diametral pressurization

Figure 201: RTV-655 +aerogel tank test 3 axial pressurization
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Figure 202: RTV-655 +aerogel tank test 3 circumferential pressurization

Figure 203: RTV-655 +aerogel tank test 4 axial pressurization
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Figure 204: RTV-655 +aerogel tank test 4 circumferential pressurization

Figure 205: RTV-655 +aerogel tank test 4 diametral pressurization
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Appendix C. Pressure Data
Stage 2: Pressurization

Figure 206: RTV-655 tank test 1 pressurization

Figure 207: RTV-655 tank test 2 pressurization
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Figure 208: RTV-655 tank test 3 pressurization

Figure 209: RTV-655 tank test 4 pressurization
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Figure 210: RTV-655 + aerogel tank test 1 pressurization

Figure 211: RTV-655 + aerogel tank test 2 pressurization
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Figure 212: RTV-655 + aerogel tank test 3 pressurization

Figure 213: RTV-655 + aerogel tank test 4 pressurization
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Appendix D: Stresses in a Thick-Walled Pressure Vessel
This shows the derivation for the stresses in a thick walled pressure vessel from the
book Strength of Materials [14].

Figure 214: element under radial and circumferential stress

Equations (14) and (15) represent the equilibrium equations in polar coordinates, and are
derived using the stress element in Figure 213 [10].
𝜕𝜎𝑟
𝜕𝑟

1 𝜕𝜏𝑟𝜃
𝜕𝜃

+𝑟

1 𝜕𝜎𝜃
𝑟 𝜕𝜃

+

+

𝜕𝜏𝑟𝜃
𝜕𝑟

𝜎𝑟 −𝜎𝜃
𝑟

+2

𝜏𝑟𝜃
𝑟

+ 𝐹𝑟 = 0

(14)

+ 𝐹𝜃 = 0

(15)
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With no body forces equations (14) and (15) reduce to equation (16)
𝑑𝜎𝑟
𝑑𝑟

+

𝜎𝑟 −𝜎𝜃
𝑟

=0

(16)

The total derivatives are with respect to r because there are no variations in the θ and z
direction. Equations (17), (18), and (19) are the strain displacement relations in polar
equations, and are derived using the strain element in Figure 214 [10].

Figure 215: element in polar coordinates under strain

𝜀𝑟 =
𝑢

𝜕𝑢

(17)

𝜕𝑟
1 𝜕𝑣

𝜀𝜃 = 𝑟 + 𝑟 𝜕𝜃
1 𝜕𝑢

𝜕𝑣

(18)
𝑣

𝛾𝑟𝜃 = 𝑟 𝜕𝜃 + 𝜕𝑟 − 𝑟
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(19)

Equations (17), (18), and (19) are reduced to (20), (21), and (22) in a similar way as the
equilibrium equations.
𝜀𝑟 =

𝑑𝑢

𝜀𝜃 =

𝑢

(20)

𝑑𝑟

(21)

𝑟

𝛾𝑟𝜃 = 0

(22)

Equation (24) is obtained by substituting equation (23) into equation (20).
𝑢 = 𝑟𝜀𝜃
𝜀𝑟 =

𝑑(𝑟𝜀𝜃 )
𝑑𝑟

(23)

= 𝜀𝜃 + 𝑟

𝑑𝜀𝜃
𝑑𝑟

(24)

Equation (24) can be rearranged into equation (25), which is known as the compatibility
equation.
𝜀𝑟 − 𝜀𝜃 = 𝑟

𝑑𝜀𝜃
𝑑𝑟

(25)

Equations (26), (27), and (28) represent Hook’s Law in polar coordinates.
1

𝜖𝑟 = 𝐸 (𝜎𝑟 − 𝜇(𝜎𝜃 + 𝜎𝑧 ))
1

𝜖𝜃 = 𝐸 (𝜎𝜃 − 𝜇(𝜎𝑟 + 𝜎𝑧 ))
1

𝜖𝑧 = 𝐸 (𝜎𝑧 − 𝜇(𝜎𝑟 + 𝜎𝜃 ))

(26)
(27)
(28)

Equation (29) represents the assumption that the cylinders are long enough to ensure that
the plane sections will stay plane, and the axial strain will be constant.
𝑑𝜀𝑧
𝑑𝑟

=0

(29)

Plugging equation (28) into equation (29) creates equation (30).
𝑑𝜎𝑧
𝑑𝑟

𝑑𝜎

− 𝜇 ( 𝑑𝑟𝑟 +

𝑑𝜎𝜃
𝑑𝑟
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)=0

(30)

Plugging in εr and εθ from equations (26) and (27) into equation (25) gives equation (31).
𝑑𝜎

𝑑𝜎

𝜎𝑟 − 𝜎𝜃 − 𝜇(𝜎𝜃 − 𝜎𝑟 ) = 𝑟 ( 𝑑𝑟𝜃 − 𝜇 ( 𝑑𝑟𝑟 +

𝑑𝜎𝑧
𝑑𝑟

))

(31)

Plugging in the value of dσz/dr, from equation (30), into equation (31) gives equation (32).
(𝜎𝑟 − 𝜎𝜃 )(1 + 𝜇) = 𝑟 (

𝑑𝜎𝜃
𝑑𝑟

(1 − 𝜇 2 ) −

𝜇𝑑𝜎𝑟
𝑑𝑟

(1 + 𝜇))

(32)

Equation (32) can be rearranged to form equation (33).
𝜎𝑟 −𝜎𝜃
𝑟

=

𝑑𝜎𝜃
𝑑𝑟

(1 − 𝜇) − 𝜇

𝑑𝜎𝑟
𝑑𝑟

(33)

Plugging in equation (16), equation (33) reduces to equation (34).
𝑑𝜎𝜃
𝑑𝑟

+

𝑑𝜎𝑟
𝑑𝑟

=0

(34)

Integrating equation (34) gives equation (35). Where 2A is a constant of integration.
𝜎𝜃 + 𝜎𝑟 = 2𝐴

(35)

Solving for σθ in equation (36), and plugging this into equation (16) gives equation (36).
𝑟

𝑑𝜎𝑟
𝑑𝑟

+ 2𝜎𝑟 = 2𝐴

(36)

Equation (36) can be rearranged to equation (37).
𝑑(𝑟 2 𝜎𝑟 )
𝑑𝑟

= 2𝑟𝐴

(37)

Integrating equation (37) gives equation (38), where B is a constant of integration.
𝑟 2 𝜎𝑟 = 𝐴𝑟 2 + 𝐵

(38)

Equation (38) can be rearranged to form equation (39).
𝐵

𝜎𝑟 = 𝐴 + 𝑟 2

(39)

Plugging the value of σr from equation (39) into equation (35) gives equation (40).
𝐵

𝜎𝜃 = 𝐴 − 𝑟 2
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(40)

Equations (39) and (40) are the radial and circumferential stresses for a thick walled
pressure vessel. The constants A and B can be found by plugging in boundary conditions.
The first boundary conditions are found by assuming internal pressure only is acting
on the pressure vessel. The radial stress at the internal surface of the pressure vessel is
equal to a negative of the internal pressure (σr = -Pi at r = ri). The radial stress at the outside
surface of the pressure vessel is equal to 0 (σr = 0 at r = r0). Plugging in these boundary
conditions into equation (39), yields equations (41) and (42).
−𝑃𝑖 = 𝐴 +

𝐵

(41)

𝑟𝑖2

𝐵

0 = 𝐴 + 𝑟2

(42)

0

Solving equations (41) and (42) for A and B yields equations (43) and (44).
𝑃 𝑟2

𝐴 = 𝑟 2𝑖−𝑟𝑖 2
0

(43)

𝑖

𝑃 𝑟 2 𝑟2

𝑖 0
𝐵 = − 𝑟𝑖2 −𝑟
2
0

(44)

𝑖

Plugging in the values of A and B from equations (43) and (44) gives the radial and
circumferential stress for a pressure vessel only subjected to internal pressure, shown in
equations (45) and (46).
𝑟2𝑃

𝑟2

𝜎𝑟 = 𝑟 2𝑖−𝑟𝑖2 (1 − 𝑟02 )
0

(45)

𝑖

𝑟2𝑃

𝑟2

𝜎𝜃 = 𝑟 2𝑖−𝑟𝑖2 (1 + 𝑟02 )
0

𝑖

(46)

If the pressure vessel has closed ends the axial stress will be tensile and represented by
equation (47).
𝜋𝑟 2 𝑃

𝑟2𝑃

𝜎𝑧 = 𝜋(𝑟 2𝑖−𝑟𝑖2 ) = 𝑟 2𝑖−𝑟𝑖2
0

𝑖
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0

𝑖

(47)

The second set of boundary conditions is when the pressure vessel is only subjected
to external pressure. For this case the radial stress is 0 at the internal surface of the pressure
vessel (σr = 0 at r = ri). The radial stress is equal to the external pressure at the outside
surface of the pressure vessel (σr = P0 at r = r0). Plugging these boundary conditions into
equation (39) yields equations (48) and (49).
𝐵

0 = 𝐴 + 𝑟2

(48)

𝑖

𝐵

−𝑃0 = 𝐴 + 𝑟 2

(49)

0

Solving equations (48) and (49) for A and B yields equations (50) and (51).
−𝑃 𝑟 2

0 0
𝐴 = 𝑟 2 −𝑟
2
0

𝐵=

(50)

𝑖

𝑃0 𝑟𝑖2 𝑟02

(51)

𝑟02 −𝑟𝑖2

Plugging in the values of A and B from equations (50) and (51) gives the radial and
circumferential stress for a pressure vessel only subjected to external pressure, shown in
equations (52) and (53).
𝑟2

−𝑟 2 𝑃

0 0
𝑖
𝜎𝑟 = 𝑟 2 −𝑟
2 (1 − 𝑟 2 )
0

(52)

𝑖

𝑟2

−𝑟 2 𝑃

0 0
𝑖
𝜎𝜃 = 𝑟 2 −𝑟
2 (1 + 𝑟 2 )
0

𝑖

(53)

If the pressure vessel has closed ends the external pressure will cause a compressive axial
stress shown in equation (54).
−𝜋𝑟 2 𝑃

−𝑟 2 𝑃

0 0
0 0
𝜎𝑧 = 𝜋(𝑟 2 −𝑟
2 ) = 𝑟 2 −𝑟 2
0

𝑖
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0

𝑖

(54)

To get the general case for the stresses in a thick walled pressure vessel subjected
to both internal and external pressure, the stresses for the internal and external only are
summed and are represented by equations (55), (56), and (57).
𝜎𝑟 =
𝜎𝜃 =

𝑟𝑖2 𝑃𝑖 −𝑟𝑜2 𝑃𝑜
𝑟02 −𝑟𝑖2

𝑟𝑖2 𝑃𝑖 −𝑟𝑜2 𝑃𝑜
𝑟02 −𝑟𝑖2

𝜎𝑧 =

𝑟𝑖2 𝑟𝑜2 (𝑃𝑖 −𝑃𝑜 )

−
+

𝑟 2 (𝑟𝑜2 −𝑟𝑖2 )

𝑟𝑖2 𝑟𝑜2 (𝑃𝑖 −𝑃𝑜 )
𝑟 2 (𝑟02 −𝑟𝑖2 )

𝑟𝑖2 𝑃𝑖 −𝑟02 𝑃𝑜
𝑟𝑜2 −𝑟𝑖2
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(55)
(56)
(57)

Appendix E: Thermal Conductivity Data
The data in these tables was collected by David Pumroy.
Table 2: Thermal conductivity of RTV-655

Temperature (°C) k (W/ m-K)
20
0.1864
0
0.1764
-73.1
0.1399
-195.8
0.0785

Table 3: Thermal conductivity of polyimide aerogel

Temperature (°C) k (W/ m-K)
20.0
0.0397
0.0
0.0345
-73.1
0.0305
-195.8
0.0198
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